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FOREWORD 


This  repori’.  was  prepared  by  Battelle  Memorial  Institute,  under  USAI^ 
Contract  No,  AF  33(038)-12619.  The  contract  was  Initiated  under  Roscarch 
and  Development  Order  No.  615-20  (A-B),  "Welding,  Brazing  and  Soldering 
oi  Metals",  and  was  administered  under  the  <I  '. tetion  of  the  Materials 
Laboratory,  Directorate  of  Research,  Wright  A* r Development  Cente r,  with 
Major  L,  P.  Marking  acting  as  project  engineer. 
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Thia  ru-jjort  <li8Cii3aea  an  c^periment.il  Invcatigntion  of  the  cause#  of 
cracking  In  high-atrength  wold  mctitla.  The  retcarch  wa#  conducted  at 
Battelle  during  the  third  contract  period)  from  Auguat  12)  19S2)  to  Auguat 
12)  1951.  Specifically)  the  work  included  hot-ductility  and  weld-metal 
cracking  teat#  on  special  high-atrength  steels  and  a metallographlc  examina- 
tion of  grain  hountlariei  and  Incluaiona  in  two  of  the  ateele,  The  result!) 
although  in  an  early  stag#)  Indicate  that  low-sulfur  contents  are  aesociatad 
with  high  hot  ductility  and  high  resistance  to  hot  cracking.  They  also  sug- 
gest h possible  relationahlp  between  low-melting  Intergranular  films  and  low 
hot  ductility. 
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Causes  of  Cracking  in 
High-Strengfh  Weld  Metals 

The  objective  of  thU  invoBtigatlon  i»  to  obtain  fundamental  Information 
on  the  causei  of  cracking  In  hlgh-atrength  weld  metals  used  to  Join  hlgh- 
atrength  alloy  steels,  and,  on  the  basis  of  this  knowledge,  to  devise  methods 
for  preventing  such  cracking.  This  report  summarlRCS  experimental  work 
done  during  the  third  contract  period  from  August  12,  1952,  to  August  12, 
1953. 


In  the  first  contract  period,  a literature  survey  was  .nade  to  supply 
background  Information  on  the  cracking  problem.  This  information  is 
presented  in  summ.iry  report,  dated  August  12,  1951.  This  survey 
Indicates  that  hot  cracking,  the  most  prevalent  form  of  cracking  found  In 
high-strength  weld  metals,  Is  the  result  of  low  strength  and  low  ductility  in 
the  temperature  range  from  the  llquidus  down  to  about  1500  P.  Therefore, 
In  the  second  contract  period,  the  groundwork  was  laid  for  correlating  hot 
strength  and  hot  ductility  with  hot-cracking  ausceptibllity,  and  all  three 
with  composition,  Apparatus  was  developed  for  measuring  hot  strength  and 
hot  ductility  of  weld  metals  as  they  cooled  down  from  the  molten  state.  In 
addition,  four  different  weld-rnetal  cracking  tests  were  Investigated.  These 
developments  are  described  In  the  summary  report,  dated  August  12,  1952. 

The  present  report  discusses}  (1)  hot-tension  tests  on  high-purity 
SAS  41XX-type  steels  and  high-strength  weld  metals,  and  revisions  made 
in  the  testing  apparatus;  (2)  the  development  of  a modified  Lehigh  restraint 
specimen,  end  tests  on  special  heats  of  steel  using  this  spcclmoni  (5) 
nielallographle  studios  of  SAE  4340  steel  used  in  hot-tension  teitej  (4)  the 
preparation  of  new  heats  of  steel  for  hot-tenslon  and  weld-metul  cracking 
studies:  and  (5)  the  drawing  of  special  welding  wire. 


SUMMARY 


A limited  number  of  hot-tenslon  and  weld-metal  cracking  tests  were 
conducted  on  specltil  high-strength  steels  during  this  report  period.  The 
hot-tunsion  tests  had  to  be  discontinued  midway  through  the  report  period 
vvluin  the  iriduction-hcHtlng  unit  broke  down.  Also,  considerable  effort  was 
spent  on  the  development  of  a suitable  cracking  test  for  evaluating  the 
special  steel.s.  For  these  reasons,  the  data  presented  In  this  report  are  In 
an  early  stage,  It  rn.iy  be  that  the  most  valid  conclusion  that  could  be 
drawn  from  these  data  is  the  following;  standard  SAE  4340  steel  has  much 
lower  ductility  in  the  temperature  range  2400  F to  1950  F,  and  it  is  much 
more  susceptible  to  hot  cracking  than  low-sulfur  SAE  4340.  These  differences 
between  the  two  steels  are  sizable  and  clear  cut. 
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The  work  described  in  this  report  is  summarized  in  the  following 
sections. 


Hot-Tcniiion  Studies 


Hot-tension  tests  were  conducted  on  one  high-sulfur  snd  five  low- 
sulfur  SAE  41XX  Bteolsi  and  on  two  steels  simulating  high-strength  weld- 
metal  coinpositions.  The  hot-tension  tests  were  conducted  in  the  tempera- 
ture range  2700  F to  1800  F as  the  specimens  cooled  from  the  molten  state. 
The  test  results  indicated  that  increases  in  sulfur  and  carbon  contents 
lowered  hot  strength  .tnd  ductility,  sulfur  having  the  greater  effect  on 
ductility  and  cavlion  on  strength.  The  scalier  in  the  test  results,  however, 
together  with  the  porosity  in  the  test  specimens,  showed  the  need  for 
modification  of  the  testing  apparatus.  Changes  were  made  so  that  porosity 
was  greatly  reduced.  The  data  obtained  so  far  are  being  checked,  using 
the  moditlod  apparatus.  The  hot  strength  and  ductility  of  additional 
cxpcriinuntal  heats  of  steel  simulating  high- strength  weld-metal  composition 
are  being  determined, 


1 eVV:-:' 


Weld-Mctal  C racking  Te s ts 


Considerable  effort  was  spent  on  the  development  of  a test  epeclmen, 
hereafter  referred  to  as  the  restrained  weld  specimen,  which  would  exhibit 
various  levels  of  restraint  on  a weld  deposit.  This  specimen  was  patterned 
after  the  Lehigh  restraint  specimen.  The  expoHmental  restrained  weld 
specimen  differs  from  the  Lehigh  specimen  In  two  respcctsi  (1)  it  consists 
of  two  parts  welded  together  instead  of  being  one  Integral  plntei  and  (2)  it 
uses  a doublo-vee  Joint  Instead  of  a doublo-U  Joint.  The  changes  are  aimed 
at  reducing  the  cost  of  the  specimen  and  making  it  possible  to  run  several 
tests  on  a small  quantity  of  special  steels.  Welding-procedure  tests  were 
made  wltli  plaln-carbon-stool  base  plate  and  commercial-steel  wire,  using 
tlie  iiicrt-yas  cons uinabla-clectrode  procuHS,  After  procedures  and 
tculmlqiics  were  CHtabllsheU,  the  relative  cracking  suHCcptlbllitles  of  hlgh- 
aml  low-sulfur  SAE  4340  steels,  which  were  deposited  In  base  plnte  of  the 
same  composition,  were  determined  at  three  levels  of  restraint.  The  low- 
sulfur  deposit  showed  less  hot  cracking  at  the  maximum  restraint,  which  is 
the  liighcst  restraint  level  of  the  specimen,  than  the  high  sulfur  showed  at 
minimum  restraint.  This  illustrated  that  Iho  high-sulfur  steel  was  much 
more  crack  sunccptiblc  than  thf  low- sulfur  steel.  These  data  are  In  agree- 
ment with  the  hot-tcnslon  properties  of  these  two  steels.  All  the  steel 
compositions  for  which  hot-tcnslon  data  nrc  available  will  be  tested  using 
the  vcstrulncrl  v/eld  specimens  In  an  attempt  to  correlate  data  from  the  two 
hinds  of  tests.  Circular -groove  and  circular-p.atch  teals  will  be  conducted 
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also,  as  a check  on  the  restrained  weld  teats  and  to  determine  If  either  of 
these  tests  is  more  satisfactory  or  simpler  to  use. 

A heat  of  high-purity  SAC  4JXX  composition  was  prepared  to  makj 
additional  base  plate  and  wire  for  cracking  tests.  About  8-l/i  pounds  of 
3/3^>lnch  high-purity  SAC  43XX  wire  were  drawn  from  l/4-lnch  rod  for  the 
tests.  The  rod  had  been  processed  from  the  heats  discussed  in  the  summary 
report,  dated  August  12,  1952, 


Mctnllographlc  Studies 


The  difference  in  fracture, behavior  between  low-  and  high-sulfur 
hot-tension  specimens  suggested  a possible  dependence  of  fracture  type  on 
microstructure.  Therefore,  a mctallographlc  study,  was  made  to  determine 
the  relationship  between  the  nature  and  dlatribution  of  nonmatallle  in- 
clusions in  the  grain  boundaries  and  the  fracture  behavior  of  the  hot- 
ductillty  specimens, 

A limited  correlation  was  found  between  the  hot  ductility  and  the 
room-tumpernturc  microstructure  of  the  melted  /.ones  of  hnt-tension 
specimens.  This  was  demonstrated  by  the  presence  of  films  rich  in  FeS 
In  the  grain  boundaries  of  the  high-sulfur  SAC  4340  specimens  which 
exhibited  brittle  fracture  above  1950  F.  No  films  rich  in  FeS  were  found  in 
the  grain  boundaries  of  the  low- sulfur  specimens.  The  change  from  ductile 
to  brittle  fracture  in  the  low-sulfur  specimens  occurred  between  2300  F and 
2400  F,  Light-etching  networks  were  present  in  both  the  high-  and  low- 
sulfur  SAC  4340  specimens,  It  appears  that  these  networks  contain  MnS 
together  with  some  of  the  metal-alloying  elements  (chromium,  molybdenum, 
manganese,  and  nickel), 

Weld  deposits  of  low-  and  htgh-iulfur  SAC  4340  wore  examined  for 
evidence  of  sulfide  .segregation  In  the  grain  boundaries.  Similar  light- 
etching  networks  were  found  In  both  the  weld  deposits  and  hot-tcnslon 
specimens,  However,  the  nonmutaltlcs  were  in  the  form  of  very  small 
globules  (linpi.T sH(!  throughout  the  network  of  the  wold  deposits,  as  compared 
with  globules  and  sulfide  films  in  the  grain  boundaries  of  the  hot-tension 
specimens. 

The  major  part  of  the  work  in  the  next  report  period  will  bo  devoted  to 
a continuation  of  the  hot-tcnulo;  and  weld-metal  cracking  tests  on  special 
•steel  compositions.  The  objcctlv.:  will  he  to  o>)tain  further  evidence  that 
data  from  the  two  kinds  of  tests  can  be  correlated.  If  this  can  be  done, 
then  two  basic  problems  might  be  answered!  (1)  the  temperature  range  in 
which  cracking  occurs;  and  (2)  the  nature  and  degree  of  impurities  or  alloy 
rt'.lditions  that  enu.se  cracking. 
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STUDY  OF  HIGH-TSMPERATURS  DUCTILITY.  CRACKING 
"susceptibility,  and  METALLOGRAPHIC  STRUCTURg 
OP  SPECIAL  SAS  43XX  STEELS 


During  the  previous)  contr<..et  period,  apparatui  wai  developed  for 
rapid  induction  melting  of  the  center  section  of  a metal  bar,  then  fracturing 
it  in  tension  during  t)ie  cooling  cycle.  This  was  devised  to  simulate  a weld 
deposit  subject  to  tension  stresses  from  shrisikage  and  other  factors  as  It 
cools  down  from  the  molten  state.  Provisions  were  made  for  measuring  the 
temperature  of  the  incited  ?,one,  the  load  required  to  fracture  the  bar,  and 
the  elongation  of  the  test  section. 

No  references  were  found  in  the  literature  on  hot-tension  tests  of 
welds  conducted  during  cooling  from  the  melting  temperature.  Therefore, 
the  studies  in  this  investigation  may  have  been  the  first  to  simulate  welding 
conditions.  The  object  was  to  find  a relationship  among  composition,  ' 
metullographic  structure,  hot-tension  properties,  and  cracking  susceptibili- 
ties of  various  weld  metals. 

The  first  series  of  hot-tcnslon  tests  was  run  on  commercial  SAE  4340 
and  AlSl  Cl  111  steels,  The  data  obtained  from  the  two  steele  showed  that 
strength  and  ductility  Increased  with  decreasing  tempexatiire  In  the  range 
from  2600  T to  1300  F.  The  frce-maehinlng  AISl  Cllll  steel  wae  leae 
ductile  than  the  alloy  steel,  Its  low  ductility  is  thought  to  be  due  to  Its  high 
sulfur  content. 

The  original  apparatus  and  the  data  on  commercial  SAE  4340  and 
AISl  Cllll  steels  wore  discussed  In  the  summary  report,  dated  August  12, 
19S2. 


Hot-tension  testa  were  continued  on  special  heats  of  SAE  43XX-type 
steel  and  on  high-strength  wold-metal  compositions,  in  the  contract  period 
starting  August  12,  1932.  These  are  discussed  below. 


Hiah-T c m pe rat ure  Tension  Tests  on  Hlgh- 
Purlty  SAS, -nXX  Steels  and  High-Strength 


Weld  Metals 


Five  hlgh-purlty  SAE  43XX  hento  and  one  standard  SAE  4340  heat 
were  made  for  hot-tension  studies.  Their  compositions  are  given  in 
Table  1. 
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Heat 

Number 


TABLE  1.  COMPOSITION  OF  HIGH- PURITY  AND 
STANDARD  43XX  STEELS 


m 


Chemiciil  CompoHltion,  per  cent 


Hcata  Noa,  1,  i,  and  3 differ  mainly  In  carbon  content,  Thcae  valuea 
vary  from  0.  33  to  0.  39  per  cent.  Hcata  Not.  2 and  4 have  ilmllar  compoai- 
tionai  except  for  tulfur,  Hcata  Noa.  5 and  6 are  low-aulfur,  oxtra-low- 
phosphorus  SAE  4340  heata.  Hot-duetiUty  data  svere  obtained  for  all  six 
heats.  (A  seventh  heat,  which  hua  to  be  tested,  was  also  prepared.  Its 
basic  composition  ia  similar  to  that  of  Meats  Nos.  2,  3,  and  b.  In  addition, 
it  contains  miach  metal  which  may  tie  up  the  sulfur  more  effectively  than 
would  manyaneae, ) 

Hot-tension  testa  were  made  using  the  same  apparatus  described  in 
the  summary  report,  dated  August  12,  1932.  Tha  apeulmena  ware  melted 
by  induction  heating  and,  on  the  cooling  cycle,  were  fractured  at  a pre> 
selected  temperature  In  the  range  from  2700  F to  1800  F.  Stress  and  strain 
were  measured  by  a specially  designed  weigh  bar  and  extensometer, 
rcBpcctively, 

The  experimental  results  are  presented  in  Figures  1 through  4 for 
Heats  Nos,  1 through  4.  The  hot-ductiUty  values  for  Heats  Nos,  1,  2,  and 
3 are  compared  In  Figure  1,  while  the  hot  strengths  for  the  same  heats  are 
compared  In  Figure  2.  These  comparisons  shosv  the  effects  of  carbon  on 
hot  strength  and  ductility.  Similar  comparisons  for  Heats  Nos.  2 and  4,  In 
Figures  3 and  4,  show  the  effects  of  sulfur  on  hot-tension  properties, 

Tlic  data  from  tests  on  Meats  No*.  5 and  6 showed  unusual  scatter, 
indicating  the  need  for  an  improvement  of  the  testing  apparatus.  The 
changes  made  in  the  apparatus  are  described  in  Appendix  I.  Tests  on  Heats 
Nos,  5 and  6 arc  being  repeated. 

Two  commercial  high-strength  weld-metal  compositions  also  were 
atudlod  before  the  apparatus  was  modified.  The  compositions  arc  shown 
on  page  tt. 
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Chcmtgttl  Ccmpo.sitiorii  per  cent 


Electrode 

”c 

Mn 

si 

Cr 

Ni 

Mo 

V 

S 

P 

C 

0.  14 

0.75 

0.48 

0.95 

1.75 

0.80 

0.  18 

0,021 

-- 

D 

0.  12 

1.  00 

0.  50 

1.  20 

1.  30 

0.60 

0,  13 

0.015 

-- 

The  electrode*  have  the  aame  deaignatlona  uted  in  the  aummary  report  of 
Auguat  12,  1952. 

The  weld-rrctal  apecimena  were  machined  from  deposits  In  a elngle- 
vee  joint  In  l^-inch-thick  SAE  4340  steel.  Machining  was  done  transverse  to 
the  direction  of  welding  so  that  only  weld  metal  would  be  melted  in  the  hot- 
tension  tests.  The  data  obtained  are  plotted  and  compared  ip  Figures  5 and 
b. 

The  results  from  the  hot-tension  tests  conducted  thus  far  In  the  pro> 
gram  showed  some  scatter,  and  several  points  will  be  checked  before  they 
are  considered  reliable,  However,  reaulte  obtained  from  the  various 
steels  indicate  general  trends  which  are  believed  to  be  correct.  Poaatble 
sources  of  error  that  were  Inherent  in  the  original  apparatus  a r|i  discussed 
in  Appendix  1, 

From  an  examination  of  Figures  1 through  4,  it  appears  that  increases 
in  carbon  and  sulfur  contents  result  in  lower  hot  strength  and  ductility.  It 
appears  also  that  sulfur  has  more  influence  than  carbon  op  hot  ductility  and 
less  on  hot  strength.  The  first  observation  is  supported  by  the  curves  in 
Figures  5 and  6.  Weld  Metal  D {0.  12%  carbon,  0.015%  sulfur)  Is  stronger 
and  more  ductile  than  Weld  Metal  C (0,  14%  carbon,  0.  021%  sulfur)  In  the 
2400  F to  1800  F temperature  range. 

The  detrimental  effect  of  sulfur  on  the  hot  ductility  of  tensile  specimens 
was  demonstrated  further  by  examination  of  the  fractured  tensile  specimens. 
The  specimens  from  Meat  No.  2 (0.006%  sulfur)  showed  a sharp  change 
from  brittle  to  ductile  fracture  between  2400  F and  2300  F,  while  those  from 
Heat  No.  4 (0,  037%  sulfur)  showed  brittle  fractures  all  the  way  down  to 
1950  F.  As  a result  of  this  difference  In  behavior  between  low-sulfur  and 
high-sulfur  SAE  4340  heats,  metallographlc  studies  (discussed  later)  were 
curried  out  in  an  attempt  to  correlate  brittle-  and  ductile-fracture  types 
with  microstructure. 
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FIGURE  5.  COMPARISON  OF  HOT  DUCTILITY  OF  WELD 
METALS  C AND  0 
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FIGURE  6,  COMPARISON  OF  HOT  STRENGTH  OF  WELD 
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yyeld-Metal  Cracking  Teata  on  l<ow-  and 
lUch-Sulfur  SAE  4k0  SteVl 


In  order  tn  run  teeti  on  cracking  lueceptlblllty,  it  waa  neceoaary  to 
reduce  experimental  heati  (aix  bigh-purlty  and  one  atandard)  of  5A£  43XX 
etccl  to  wire.  Since  the  wire  diameter  waa  lu  be  3/32  Inch,  the  l/4-ineh 
wire  rolled  originally  had  to  undergo  a 62,  3 per  cent  reduction.  Wiire  of 
SAE  41XX  compoaltlon  work  hardens  rapidly.  Therefore,  each  heat  had  to 
be  annealed  three  or  four  time..  he  drawing  procedure.  Elaborate 

precautions  were  taken  to  prevent  pickup  of  oxygen  and  other  elements  that 
might  ciintamin.ite  the  hlgh-purity  steels.  This  was  accomplished  by  sealing 
the  wire  In  -i  retort  in  which  the  pressures  were  reduced  to  as  low  as  sev- 
eral tenths  of  a micron. 

Cracking  susceptibility  tests  were  run  on  tow-  (Heat  No.  2}  and  high- 
sulfur  (Meat  No.  4)  SAE  4340  steels  using  a modified  Lehigh  restraint  speci- 
men and  the  inert-gas  consumable-electrode  process.  (See  Appendix  II  for 
development  and  nature  of  modified  specimen  and  welding  procedure.). 

In  the  first  test,  high-sulfur  (0.037%  sulfur)  SAE  4340  wire  was  de- 
posited In  base  metal  of  the  same  composition.  In  the  second  test,  low- 
sulfur  (0.008%  sulfur)  SAE  4340  wire  was  deposited  in  low-sulfur  SAE  4340 
bane  metal.  Both  welds  were  made  at  a restraint  level  of  4 Inches,  that  Is, 

X'  in  Figure  24  (Appendix  II)  uae  2 inchee. 

The  spoc'n.en  welded  with  high-sulfur  wire  is  shown  in  Figure  7,  and  . 
the  one  welded  with  low-tulfur  wire  is  shown  in  Figure  8.  The  ertek  in  the 
high-sulfur  deposit  extends  the  length  of  the  wold,  while  only  a crater  crack 
is  visible  in  the  low- sulfur  weld.  After  removal  from  their  frames,  both 
Inserts  were  fractured  In  a bending  press.  The  halvei  of  the  high-sulfur 
insert  are  shown  in  Figure  9,,  The  presence  of  a blue  oxide  coating  (darkest 
temper  color  in  Figure  9)  on  the  fracture  face  of  the  hlgh-aulfur  deposit 
indicated  a hot  crack.  There  is  no  such  discoloration  of  the  low-sulfur 
fracture,  also  shown  in  Figure  9<  The  dark  streak  in  the  fracture  face  is 
the  result  of  a ridge  between  the  base  metal  and  weld  metal.  Check  tests 
at  the  4-inch  restraint  level  confirmed  these  results. 

The  next  restraint  levels  tried  were  2 Inches  and  8 Inches  of  the 
rcstrnt'u.ul  weld  specimen,  Tlic  high-sulfur  corhpoaitlon  was  tested  at  the 
2-inch  level,  .md  the  low-sulfur  composition  at  the  fl-lnch  level.  The  hlgh- 
aulfur  weld  metal  cr.icked  about  ono-half  the  length  of  the  weld  at  this  low 
level  (jf  restraint.  The  low-sulfur  weld  developed  a hot  crack  about  l/2  Inch 
long  when  tested  at  the  high  level  of  restraint.  Check  tests  are  In  progress. 
So  far,  the  results  arc  in  accord  with  hot -ductility  data  obtained  on  these 
steel  s. 
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FIGURE  7.  MODIFIED  LKHICfH  RESTRAINT  SPECIMEN  WELDED 
WITH  HIGH-SULFUR  (0.037%  S)  SAE  4340  FILLER 
WIRE  AND  RASE-METAL  INSERT 
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FIGURE  8.  MODIFIED  LEHIGH  RESTRAINT  SPECIMEN  WELDED 
WITH  LOW-SULFUR  (0.  008%  5)  SAE  4340  FILLER 
WIRE  AND  BASE-METAL  INSERT 
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FIGURE  9. 


(above)  and  LOW-SULrUf 
(BELOW)  SAE  4340  INSERTS  SHOWN  IN  FIGURES  7 AND  j 
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The  low  amount  of  hot  cracking  obtained  with  the  low-aulfur  weld 
depoaite  It  very  encouraging.  It  appear*  that  controlling  *ulfur  mny  be 
one  important  mean*  of  controlling  hot  cracking. 

Some  of  the  low-iulfur  teat  ipecimene  cold  cracked  at  temperatures 
between  80.0  F and  room  temperature.  It  is  believed  that  this  type  of  crack- 
ing can  be  controlled  by  proper  preheating  and  poatheatlng  of  the  weldments. 
Further  work  along  theac  lines  is  in  progreee. 

Metalloai' Auhic  Slu'dieM  of  Low-  and  High-Sulfur 
SAt:  4340  Steel 


A*  mentioned  in  a prevloue  aectlon,  the  fracture*  of  the  low-eulfur 
tension  specimen*  changed  abruptly  from  brittle  to  ductile  behavior  in  the 
temperature  range  2400  F to  2300  while  tho  frncture*  of  the  high-sulfur 
specimens  remained  brittle  down  to  1950  F.  A meiallogruphic  study  wsi 
started  as  a ruault  of  these  findings.  The  study  attempted  to  correlate  the 
hot  ductility  of  low-  and  '^l^’-.-sulfur  SAS  4340  with  tho  logrogatiun  ut  non- 
mutalllcs  In  the  grain  h u.irl,  rlea  of  tho  melted  none*  of  tested  hot-tension 
specimens. 

Mlcr Bstfucturci  of  Fractured 
Hut»'f enalon  Spuclmenn 

Tho  first  phase  of  the  metaltographlc  study  represented  an  attempt  to 
correlate  the  hot  ductility  and  mlerostructures  of  tostod  hot-tension  speci- 
mens. L.ongltudinal  sections  were  taken  through  the  melted  sonss  of  frac- 
tured low-  and  hlgh-aulfur  liot-tension  specirhens.  The  poUshed-and-etchsd 
structures  are  shown  ot  lOOX  in  Figures  10  end  11.  A repriiNentotlve  struc- 
ture of  the  steel  shosen  in  Figure  11  appears  in  Figure  12  at  500X.  The 
change  from  brittle  to  ductile  behavior,  as  the  teat  temperature  was  low- 
ered, is  manifested  in  Figure  10  by  the  change  from  oquiaxed  to  elongated 
grains.  The  structures  themselves  are  martensitic  (or  biilnltlc)  in  nature. 
Through  them  run  llght-ctcliing  networks,  upon  which  utlcntlon  was  focused. 

Two  techniques  were  used  to  prove  that  the  Ught-otchlng  networks  ars 
not  a separate  ph.nse  but  merely  of  such  a nature  that  they  etch  more  slowly 
than  the  surrounding  structure.  The  first  technique  Involved  overetching, 
and  the  second  Involved  repoUshlng  and  ro-ctchlng  with  extremely  dilute 
picral,  Ovcrntching  brought  out  the  usual  martensitic  etructure  in  the  lip' 
areas.  The  extremely  dilute  picral,  which  attack*  tho  metal  slowly  nnd  uni- 
formly, showed  a single  mortunsUlr  structure.  The  llght-etchlng  networks 
were  thought  to  be  rirh  In  sngregntes,  and,  for  this  ro.^son,  etched  slower. 
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Figure  \l  shows  that  sulfides  segregated  into  the  light-etching  areas. 
Inclusions  rich  in  iron  sulfide  were  identified  by  their  anisotropic  behavior 
under  plane -polarised  light  in  all  the  high-sulfur  SAE  4340  specimens  exam- 
ined. None  was  found  in  the  low-sulfur  SAE  4340  specimens.  The  photo- 
micrograph at  500X  In  Figure  12  illustrates  the  tendency  of  the  sulfide  to 
appear  as  an  extremely  thin  film  In  the  light-etching  areas.  (Tn  this  case,  It 
Is  broken  up  by  globular  sulfides.)  It  le  pale  yellow  In  color,  but  takes  on  a 
brownish  tinge  when  exposed  to  air.  At  SOOX,  it  does  not  have  a sharp  out- 
line. The  photomicrograph  in  Figure  12  ulso  illustrates  the  tendency  of 
fissures  to  be  present  in  the  vicinity  of  these  sulfides. 

Nonferrous  sulfides  segregated  into  the  light-etching  areas  of  both 
low-  and  high-sulfur  steels.  Manganese  sulfide  (MnS)  probably  predomi- 
nates, with  solid  solutions  of  iron  sulfide  in  manganese  sulfide  and  other 
combinations  also  possible,  Pure  manganese  sulfide  is  light  gray  and  has 
a distinct  outline.  The  nonferrous  sulfides  occur  in  globular  as  well  as  in 
stringer  fortn. 

Figure  12  does  not  confirm  or  deny  the  existence  of  nonsulfide  segre- 
gates. Two  experiments  were  tried  to  determine  if  the  light -etching  areas 
might  contain  extra  carbon,  or  one  or  more  of  the  metallic  elements  such 
as  nickel,  chromium,  molybdenum,  and  manganese. 

The  object  of  the  first  experiment  was  to  determine  if  carbon  segr«- 
gation  caused  the  light-etching  areas.  The  mating  half  of  the  low-sulfur 
specimen  showti  In  Figure  10  (testing  temperature  2300  F)  was  placed  in  the 
furnace  at  1600  F,  and  held  for  2 minutes.  This  was  sufficient  time  for 
segregated  carbon  but  not  the  metallic  elements  to  diffuse.  The  last  step  in 
the  procedure  wai  a water  quench. 

It  cannot  be  concluded  from  the  photomicrograph  in  Figure  13  that  the 
carbon  had  segregated.  The  light-etching  network  is  too  well  preserved  to 
draw  even  a qualitative  conclusion.  Therefore,  it  was  concluded  that  con- 
centrations of  other  elements  were  present  in  the  light-etching  areas. 

In  the  second  experiment,  the  mating  half  Of  the  hlgh-Bulfur  specimen 
shown  In  Figure  11  (testing  tempcrulure  2200  F)  was  brought  up  to  1600  F 
In  a cold  furnace,  and  held  at  thnt  temperature  for  20  rnlnules.  The  total 
heating  time  at  temperatures  above  1 375  F (Aej  tcmperfiturc  for  SAE  4340) 
was  about  55  minutes.  This  should  have  been  sufficient  tltno  for  segregated 
carbon  to  go  Into  solution.  The  specimens  were  water  cj'iuni-hed  from  1600  F. 

The  same  general  network  seen  in  Figure  11  (les  Itig  lemperfc'urc 
2200  F)  persists  in  the  heiit-trc.-ited  m.ntc  shown  In  Flpuru  14.  Some  Uffu- 
slon  muDt  have  occurred,  since  it  is  not  completely  preserved.  The  c.irbon 
was  certainly  diffused  by  this  treatment;  therefore,  the  light -etching  areas 
must  contain  a concentration  of  one  or  more  of  the  other  alloying  elements. 
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FIGURE  U.  PHOTOMICROGRAPH  SHOWING  PARTIAL  PRESER- 
VATION OF  LIGHT-ETCHING  NETWORK  IN  TESTED 
HIGH-SULFUR  SAE  '1340  HOT-TENSION  SPECIMEN 
AFTER  PROLONGED  AUSTENITIZING 
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Microstructures  of  Weld  Deposits 


A in etallographlc  Study  was  innde  of  high-  and  low- sulfur  SAE  4340 
weld  deposits  to  determine  the  nature  and  diatrlbution  of  nonmetallic  in- 
clusions. The  filler  wires  were  deposited  in  restrained  weld-test  specimens 
using  the  inert-gas  consumable-electrode  welding  process.  Transverse 
sections  were  taken  through  hot-crackc-d  portions  of  the  welds  for  examina- 
tion. Nickel  was  clectrmlcposited  on  the  frpeture  aurfaccs  to  prevent  oxl- 
d.ition  and  damage  of  the  sp.tcimen. 

Two  photomicrographs  of  the  high-sulfur  specimen  are  shown,  one  in 
Figure  is  at  lOOX,  and  the.  other  in  Figure’  16  at  500X.  The  Inclusions 
occur  as  small  highly  dispersed  globules  (Figure  15).  The  lighter  onee  are 
probably  sulfldesi  the  dark  ones  may  be  silicates  (Figure  16).  Duplexed 
inclusions  also  are  evident.  The  network  seen  in  Figure  15  is  actually  light 
etching,  but  was  photographed  in  relief  so  that  the  Inclusions  could  be  shown 
more  clearly,  It  is  the  same  type  of  network  that  was  observed  in  Figures  10 
and  11.  Therefore,  it  1s  possible  that  similar  segregation  has  taken  place  in 
the  weld  deposit  and  hot-tension  specimens.  The  low-sulfur  specimen 
appeared  to  differ  from  the  high-sulfur  specimen  only  to  the  extent  of  having 
fewer  sulfide. Inclusions.  The  study  of  weld  deposits  will  be  continued  in  an 
attempt  to  draw  further  comparisone  between  the  mlcrostructures  of  tested 
hot-tension  specimens  and  weld  deposits. 
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Discussion  of  Results 


Tests  on  low-  and  high-sulfur  SAE  4340  steels  have  shown  that  hot- 
tcnslon  and  cracking-susccptlblltty  data  may  be  correlated.  Furthermore, 
mel;allographlc  studiea  of  the  same  steels  indicated  a possible  dependence 
of  hot  ductility  on  grain-bound.iry  conditions. 

The  ability  of  sulfur  to  lower  hot  ductility  was  demonstrated  in 
Figure  .3,  .nnd  Its  role  as  a promoter  of  hot  cracking  was  shown  in  a com- 
p.'irlson  of  Figures  7 and  8.  Therefore,  there  is  reason  to  believe  that  a 
direct  relationship  exists  between  hot  cracking  and  low  hot  ductility,  and 
between  hot  cracking  .%nd  high  sulfur  content.  The  photomicrograph  in 
Figure  12  shows  a low-melting  film  (P'eS)  which  may  be  responsible  for  low 
hot  ductility  .and,  consequently,  hot  cracking. 

It  is  well  known  that  low-meltlng  compounds  like  iron  sulfide  (melting 
point  2183  F)  segregate  In  network  patterns.  The  alloying  elements  may 
form  low-mcltlng  cnn.stltuents  which  segregate  also,  so  that  the  true  solidus 
tenipc r.rture  for  an  SAE  4340  steel,  weld  deposit  might  conceivably  be  lowered 
by  several  hundred  degrees.  It  is  believed  th.nt  segregation  of  low-meltlng 
constituents  v/culd  promote  hot  cracking  in  weld  deposits. 
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Most  often,  cracks  were  found  in  areas  of  high  iron  sulfide  concentre 
tion.  The  posslhlUty  that  the  cracks  Initiate  and  propagate  along  liquid 
films  of  iron  sulfide  Is  strongly  suggested.  Figure  12  shews  cracks  In  the 
vicinity  of  Iron  sulfide.  The  cracks  contain  debris  from  the  polishing 
opet*  atlon. 

Iron  sulfide  was  found  In  the  high-sulfur  SAE  4340  specimens,  but  not 
In  the  low-sulfur  specimens.  If  it  were  found  in  segregated  patches  In  the 
low-sullur  specimens  with  little  hot  ductility,  a relationship  might  have  bee 
poatiiliitcd  between  critical  concentrations  of  iron  sulfide  and  brittle  frac- 
ture. Such  a relationship  ahnuld  not  be  rul-d  out,  however,  until  higher 
magnifications  than  SOOX  have  been  used.  The  possibility  remalno  that 
other  low-melting  constituents  are  related  to  brittle  fracture. 

It  was  expected  thst  moat  of  the  sulfur  In  the  two  heats  studied  would 
be  tied  up  as^MnS  rather  than  FeS>  Tha  manganeae-to-sulfur  ratios  in  the 
low-  and  hlgh-siilfur  heats  were  80/l  (0.64/0.  006)  and  18/1  (0.66/0.037), 
respectively,  compared  with  a ratio  of  about  S/l  In  comrnurclsl  steels. 

If  further  tests  confirm  the  findings  that  hot-tension  and  cracking- 
susceptibility  data  can  bo  correlated,  then  the  following  problems  would  be 
nearer  solution!  (1)  the  temperature  range  In  which  cracking  eccura;  and 
(2)  the  nature  and  degree  of  Impurities  or  alloy  additions  which  causa 
cracking. 


FUTURE  WORK 


Future  work  will  follow  the  pattern  of  work  to  date.  Further  hot- 
tonslon  testing  and  weld-cracking  testing  will  be  done  on  special  composi- 
tions of  weld  metal. 


Hot-Tcnslon  Testa 


Hot-tcnalon  teats  are  being  made  with  the  modified  hot-tenslon  appa- 
ratus to  check  the  data  presented  in  this  report.  In  order  to  conser*'e 
material  for  these  check  teats,  2-lneh  lengths  were  cut  from  the  undrilled 
ends  of  the  hot-tension  specimens  ntready  tested.  These  pieces  were  flash 
welded  to  2-l/2-inch  by  l/2-lnch  lengths  of  SAE  4130  steel  at  both  ends  to 
make  new  hot-tension  spcclrnens.  Other  hot-tenslon  tests  will  be  m»  de  on 
specimens  frotn  Hest  No.  7,  which  Is  the  low-sulfur  SAE  4340  heat  contain- 
ing misch  metiil.  Misch  metal  may  be  very  effective  in  tying  up  sulfur. 
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Ill  Addition,  two  200-pound  induction  heat*  of  steel  were  made  to  study 
the  effects  of  sulfur,  and  sulfur  plus  mlsch  metal.,  on  the  hot-tenslon  and 
hot-crncking  properties  of  a weld-metal  composition.  The  cornpoaltlnns  of 
the  heats  are  similar  to  that  of  weld  metal. deposited  with  an  C12016  type 
electrode  (Weld  Metal  C),  as  shown  in  Table  2.  The  chief  differences  are 
the  sulfur  content  and  the  presence  of  misch  metnl  and  aluminum  in  the 
experimental  licats,  as  shown  In  Table  2. 


TABLE  2.  COMPOSITION  OF  EXPERIMENTAL  HEATS  FOR 
HOT-TENSION  SPECIMENS  AND  FILLER  WIRE 


i ym 


Heat  Chemical  Comuosition.  per  cent 

Number  C Mn  Si  Ni  Cr  Mo  V S Al(U 


8-A  0.14  0.88  0.  3S  1.77  1.00  1.00  0.19  0.007  0.066 

8- B  As  above,  plus  threo  pounds  per  ton  of  mlsch  metal 

9- A  0.  IS  0.78  0.51  1.73  0.  93  1.03  0.19  0.031  0. 0B5 

9-B  Aa  above,  plus  three  pounds  per  ton  of  mlech  metal 

Commercial  0.14  O.VS  0.48  1.75  0.  93  0.80  0.  IB  0.021.  — 

Weld  Metaic(^) 

(E12016) 


(1)  Ati.ilyted  ipsciMjjMplilcilty.  Other  oleinenti  deisrmlned  chcmicsily. 

(2)  Mjimriciunir'iaiulyili  tixeepi  foi  tulfur. 

the  basic  material  for  the  low-aulfur  (0.007%  sulfur)  heat  was  electrolytic 
Iron  containing  0,  005  per  cent  sulfur.  A MgO  crucible  and  argon-gas 
blanket  were  used  in  the  preparation  of  both  heats. 

One -half  of  earh  heat  was  forged  nnd  rolled  into  ll/lb-lnch  and  l/4- 
inch  rotinds  for  machining  hot-tenslon  Apcclmons  and  drawing  welding  wire, 
respectively. 


T 

I 

K’ 

I 

■ .....  a, ' u. 


Wold-Mctal  Cracking  Tcot* 


Restrained  weld  tests  irc  in  progress  with  low-  and  high-sulfur  SAE 
ij  -0  wold  deposits  to  determine  the  highest  degree  of  restraint  without 
cracking.  After  the  effect  of  sulfur  on  cracking  susceptibility  has  been 
studied,  the  same  type  of  test  will  be  used  to  study  the  other  compositions 
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investigated  In  hot-tenilon  tests.  Attempts  will  be  made  also  to  eliminate 
cold  eracltlng  which  occurs  occasiona'Uy  in  the  Lehigh  ^ests.  This  might  be 
reduced  by  using  a small  amount  of  preheat. 


Further  tests  are  being  planned  with  circular>groove  and  circular- 
patch  specimens.  The  data  obtained  from  them  should  serve  as  a check  on 
the  Lehigh  test  data. 


Data  for  this  report  arc  recorded  in  Laboratory  Notebooks  No.  548S, 
pp  94-100,  No.  7893,  pp  I-lOO,  and  No.  8318,  pp  1-48. 
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APPENDIX  1 


Modification  of  Hot-Tenaton  Teitlng  Apparatm 


During  the  course  of  testing  over  100  hot-tension  specimens,  consid- 
erable difficulty  was  encountered  with  porosity  and  shrinkage  cavities  In  the 
^Ited  area  of  the  test  bars.  Vsrloui  minor  adjustments  In  the  apparatus 
liH^^ved  the  condition  but  did  not  reduce  It  affectively.  Repeat  testa  ware 
ofteir>iaRuired  to  obtain  reliable  data.  An  unusual  amount  of  trouble  was 
encountered  while  testing  high-purity  Meats  Nos.  5 and  6. 


It  was  decided,  at  this  point,  to  completely  modify  the  apparatua  to 
eliminate  the  operating  problem.  The  major  features  of  the  original  appa- 
ratus that  needed  improvement  were: 


), 


sleeves  for  reta^ntnf^  the  melt.  These  tlteves 
were  not  uniform  in  ID.  In  the  as-received  condition,  the 
ID  varied  by  15  per  cent.  A method  of  obtaining  uniform 
dimensions  was  needed  so  that  the  melted  aectlon  of  the 
test  bar  would  be  uniform. 


^pper  «nd  lower  halves  of  specimen  during 
illSilijlfi'  The  apparatus  uid  not^prevent  the  two  lialves  of 
the  specimen  from  going  slightly  out  of  alignment  during 
melting.  This  increased  the  problems  with  quart*  sleeves 
and  shrinkage  cuvltiea. 


io  allow  shrinkage  while  melted  specimen 
cooled.  There  was  evidence  in  some  tests  thatTcstraint 


to  normnl  shrinkage  occurred  during  cooling  to  test  tem- 
perature. Better  provisions  to  allow  free  shrinkage  were 
needed. 


W v>“. 


"I-/; 


i'-:; 


Tcrnperaturo-measuring  system.  In  sorn*  '.nses,  temper- 
ature measurements  were  questionable.  was  believed 
that  more  direct  end  reliable  measurements  might  be  made. 


Changes  in  the  apparatus  were  made  to  overcome  the  deficiencies. 
They  are  shown  in  Figures  17,  18,  and  19. 


The  firs*,  change  was  made  in  the  quart*  sleeves  used  to  contain 
molten  metal.  As  received  from  the  manufacturer,  the  tubing  from  which 
t e sleeves  are  made  has  a 7.  5 per  cent  tolerance  in  the  nominal  i/2-lnch 
Thereafter,  many  of  the  sleeves  were  considerably  oversize.  When 
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the  (tpeclmen  wa«  ineltcd,  more  mctnl  was  needed  than  was  available  to  fill 
the  overalse  retaining  sleeve.  This,  naturally,  left  voids  as  the  melt 
cooled  down,  and  this  condition  increased  the  normal  problems  expected 
from  shrinkage. 


Experience  'showed  that  the  best  results  were  obtained  when  the  ID  of 
the  tiuart'A  sleeves  was  0.  008  inch  {greater  than  the  diameter  of  the  hot- 
tension  apecimens.  Two  methods  were  tried  to  site  the  ID  of  the  as- 
received  tubing  to  the  desired  value.  In  the  flrat  method,  a 3/8«lnch 
diamond  wheel  was  used  to  grind  undersUe  tubing.  The  grinding  was  slow 
nnd  expensive.  In  the  other  method,  oversize  tubing  was  evacuated  and 
then  heated  and  drawn  over  a tungsten  mandrel.  This  was  comparatively 
easy  and  Inexpensive  and  will  be  used  In  uubaequent  tests. 

The  second  change  is  conesmed  with  maintaining  the  alignment  of  the 
two  halves  of  the  specimen.  The  change  Is  represented  by  the  sleeve  bear- 
ing (Figures  17  and  lA)  and  the  apparatus  on  the  weigh  bar  (Figures  17  and 
‘9). 

The  third  change  provides  for  free,  unrestrained  shrinkage  during 
cooling  to  test  temperature.  The  cap  screw  (Figure  18)  is  preset  so  that 
when  the  bearing  nuts  have  moved  the  distance  "y",  the  specimen  can  still 
shrink  freely  the  distance  "x".  The  cap  screw  also  servos  as  a guide  for 
aliniiment  of  the  upper  and  lower  halves  of  the  specimen  when  the  center  is 
melted. 

The  fourth  change  In  the  apparatus  helped  to  eliminate  cavities.  By 
setting  the  hearing  nuts  (Figures  17  and  18)  according  to  the  amount  of  over- 
size of  the  cju.srtx  sleeves,  the  guide  (Figure#  17  and  18)  can  be  made  to 
drop  the  distance  "y"  (Figure  18)  by  its  own  weight  when  the  specimen  melts. 
The  s|]eclmcn  shortens  an  amount  "y"  us  muUcii  niclul  flows  into  the  space 
between  the  rtpcciincn  and  the  sleeve.  This  ohortcnlng  action  bompensatea 
for  the  loiiu  of  metol  and  prevents  the  fornjntlon  of  voids.  It  may  be  useful 
also  to  purge  out  gases  from  the  melt. 

In  early  tests,  it  was  believed  that  some  uf  the  voids  In  the  melted 
zones  of  tested  hot-tension  specimens  may  have  been  due  to  oxidation  prod- 
ucts. Therefore,  un  inert  gas  was  introduced  into  the  quartz  tube  (Flgvires 
18  .and  19).  Argon  was  lined  in  several  cxperlmi  nti.  Oxidation  was  not 
cllinlnntcd,  indicating  the  need  fur  more  work  on  this  part  of  the  apparatus. 
However,  U nppeur.s  that  shrinkage  was  more  to  blame  than  gases  for  void 
formation. 

Temperature  mciisurernents  were  considered  accurate  wtthln  + 50  F 
on  the  basis  of  past  experience  and  catihrntions.  In  the  hot-tc.nsion  tests  so 
far,  temperature  was  measured  at  a point  l/8  inch  froin  the  edge  of  the 
melted  zone,  after  calibrating  with  .a  thermocouple  placed  In  the  center  of 
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th«  melted  zone.  Work  has  been  atarted  on  meaaurlng  the  temperature  of 
the  molt  directl/.  Direct  measurement  should  be  more  reliable  than  the 
indirect  type.  The  disadvantage  is  possible  contamination  of  the  melt  by 
the  thcriiHicouplc  material,  To  prevent  contamination,  high-purity  alumina 
therttiuciniplc  protectors  are  being  used. 

A .SMvall  number  of  testa  were  run  with  the  modified  equipment.  An 
SAE  4340  specimen  melted  in  one  of  these  tests  la  shown  in  Figure  20,  and 
to  its  left,  for  comparison,  is  shown  nnother  5AE  4)40  specimen,  which 
was  molted  using  the  original  apparatus.  The  radiograph  in  Figure  21  shows 
the  sound  melted  aunc  in  the  specimen  referred  to  in  Figure  20,  right. 

Figure  22  shows  the  malted  zone  in  a specimen  melted  before  the  apparatus 
was  modified. 

Tests  with  the  modified  apparatus  had  to  be  discontinued  when  the 
induction  heotirig  unit  broke  down  midway  through  the  report  period.  Re> 
ptaceinnnt  ports  have  been  obtained  and  the  neceeaary  repairs  made,  and 
testa  are  being  resumed. 
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figure  20.  SAE  4340  HOT-TENSION  SPECIMENS 

MELTED  IJEFORE  (LEFT)  AND  AFTER 
(RIGHT)  APPARATUS  WAS  MODIFIED 
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FIGURE  21.  RADIOGRAPH  OF  SAE  4340  HOT-TENSION 
SPECIMEN  MELTED  AFTER  APPARATUS 
WAS  MODIFIED 
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FIGURE  22.  PHOTOMACROGRAPH  OF  MELTF.D  ZONE  IN 
AN  SAE  4340  STEEL  SPECIMEN  SHOWING 
CAST  STRUCTURE  AND  SHRINKAGE  CAVITY 
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APPENDIX  11 


Invt‘BMgnt}on  of  Weld-Metal  Cracking  Testa 


Four  types  of  weld-motal  cracking  teats  had  boon  tried  as  of 
August  12,  1952,  the  date  of  the  last  summary  report.  In  an  attempt  to 
correlate  cracking  susceptibility  with  hot  ductility.  They  wore  the  double- 
vcc  butt  Joint,  circular  groove,  circular  patch,  and  double  fillet.  The 
doublc-vec  butt-joint  specimen  was  unsatisfactory,  because  It  required 
restraint  to' make  the  weld  deposit  crack,  and  the  restraint  could  not  be 
reproduced  accurately  from  test  to  test.  The  circular-groove  and  circular- 
patch  tests  seemed  to  be  of  the  "go  no-go"  variety  on  the  basis  of  limited 
data,  The  duuble-illlet  epccimen  was  found  to  be  too  severe  In  Its  original 
form.  It  could  be  readily  modified,  however,  so  two  series  of  tests  were 
run  in  the  present  report  period,  using  a less  severe  form.  The  results 
were  iiiconclunive,  Although  they  were  encouraging,  It  was  decided  not  to 
make  additional  tests  Immediately.  Usually,  there  are  many  unknowns 
involved  in  a new  test  and  several  ti*Ul  teats  are  required  before  the  results 
are  conclusive.  Instead  of  going  ahead  with  the  doublc-flll.it  test,  rssort 
WAS  made  to  o moUlflcntion  of  the  Lehigh  restraint  test,  which  was  first 
reported  In  the  literature  In  1946^0, 

The  first  modified  specimen  Is  shown  In  Figure  23.  This  differ* 
from  the  original  specimen  in  one  respect:  It  consists  of  two  parts,  frame 
and  insert.  Instead  of  being  one  solid  plato.  The  idea  was  to  conserve  high- 
purity  SAE  4340  steel  by  furnace  hrnaing  It  in  the  form  of  an  Insert  to  a 
plnln-carbon-steol  frame.  The  restraint  offered  by  the  specimen  to  the 
weld  Is  variable,  increasing  as  "x"  of  Figure  23  is  Increased.  For  each 
weld-metal  cumposltion  studied,  a detcrmlnaf ion  is  mode  of  the  smallest 
"x"  that  will  cause  cracking.  The  more  cruck-sensUlve  wcld-mctal  com- 
position will  be  associated  with  the  .smaller  "x"  necessary  for  crack 
formation. 

Two  changes  were  made  In  the  first  modification.  The  first  one  sub- 
stituted welding  (£7015  electrode)  fur  brazing,  and  the  second  one,  a doublt- 
vec  for  a donblc-U  joint  (Figure  24).  The  advantages  of  welding  over  furnace 
br.nzlng  .are;  (1)  it  is  ;i  faster  proceos;  (2)  it  con  better  Insure  high  hot 
strength;  and  (3)  the  weld  Joint  can  be  designed  to  facilitate  removal  of  the 


(1)  SiDUi.  R.  n.,  ror.  S.  S..  McUejily,  L.  M<l  no.m,  G.  E..  'Ouaniliitlvo  Met. utemeni  of  ihs  Cricking' 
Ti'inicncy  In  Wcldi".  WdJlngfourn.il,  (U)  SAri'S3lt(  1946), 
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' Insert  fi»r  Inspection.  Tempersture  mcttsuromenti  have  Indicated  that  the 

sides  of  the  Insert  reach  a maximum  temperature  of  about  650  F during 
welding.  Therefore,  the  «lr  a^P  between  the  frame  and  the  Insert  (Figure 
24)  should  not  affect  the  test  results.  With  respect  to  the  Joint  design,  the 
double -vcc -type  Joint  Is  much  less  expensive  to  machine  than  the  double-U  , 
type. 

I’he  atoel  compositions  studied  In  "r.tcklng  tests  will  be  the  same  ones 
for  which  hol-strcngth  find  hot-ductillty  data  arc  obtained.  Filler  wire  of 
these  compositions  will  be  deposited  In  Inserts  of  the  eame  composition, 
using  an  Incrt-gas  consumable-electrode  process.  This  process  was  chosen 
bocausi!  It  Is  possible  to  deposit  hlgh-purlty  weld  metals  without  contami- 
nating them  with  elements  from  fluxes  and  other  sources. 

Testa  were  run  to  estubllsh  welding  procedures  and  techniques  and 
details  In  the  apcclmen  design.  In  these  tests,  commercial  steel  v/lre 
(5/32  Inch)  was  deposited  In  pluln-carbon-steel  Inserts.  A set  of  condltlone 
was  oiitabllshud,  which  Is  presented  below: 


Wire  feed  - 90  Ipm 

Carriage  speed  - 15  1pm 

Wulcllng  current  - 370  to  390  amp 

Are  voltage  - 31  to  32  volts 

Heat  input  • 47,880  Joules  per  inch 

Length  of  electrode  consumed  - 42  in. 

I 

Time  of  welding  - 28  eee 

"Tlmo  of  welding"  In  the  above  list  Is  total  time,  that  Is,  the  time  required 
to  wold  a 7-lnc'h  length  of  Joint.  The  length  of  Joint  under  full  restraint  is 
only  5 Inches,  since  starting  and  runoff  tabs  arc  used  (Figure  24).  The 
atartltig  tab  provides  nn  opportunity  to  preadjuat  the  arc  length;  the  runoff 
tab  ri!(luce.i  crater  formation.  A typical  head  Is  l/4  inch  high,  ond  Is 
centrally  located  in  the  Jol  't, 
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